1. Introduction {#sec1}
===============

Chemists generally navigate reaction coordinates by employing thermal activation, catalytic activation, or the use of pregenerated high energy species to permit the functionalization of molecules in organic synthesis. In recent years, there has been rapidly growing interest in using unconventional means of chemical activation, including electrochemical^[@ref1]^ and photochemical^[@ref2]^ methods, to afford new avenues of retrosynthetic assessment. The resulting new transformations have revolutionized modern synthetic strategies.

Electrochemical^[@ref1]^ and photochemical^[@ref2]^ methods have given rise to new and efficient access to some of the most reactive intermediates, including radicals, radical ions, and charge-transfer complexes. This capability enables reaction discoveries and potential new bond disconnection strategies that are difficult or impossible through alternative means. In addition, the external stimuli employed in electro- and photochemical reactions, namely, electrons and photons, allow intimate and precise control over the reaction progress. As such, the properties of the external stimuli (e.g., magnitude of electrode potential, light wavelength) as well as the duration and location of their application will govern the identity, concentration, and flux of reactive intermediates. Further, the use of electricity and light as clean energy sources eliminates the reliance on strong chemical oxidants and reductants, thus allowing electro- and photochemical reactions to proceed under mild conditions and often with reduced environmental impact. Recently, a new array of electro-photocatalytic strategies have been reported,^[@ref3]^ organically merging the power of orthogonal electrochemical and photochemical activation to achieve oxidizing and reducing potentials that were previously unimaginable.

There is a concomitant rise in related technology development that greatly enhances chemists' ability to study and improve electrochemical and photochemical systems. For instance, developments in electroanalytical techniques, including voltammetry^[@ref4]^ and in situ and operando spectroscopy,^[@ref5]^ have allowed chemists to gain a deeper understanding of redox reactions and use mechanistic insights for improving existing systems. The advent of standardized equipment allows chemists to access electrochemical and photochemical reactivities in a more reliable fashion. Meanwhile, continuous-flow chemistry has been adapted to enable the efficient and safe scale-up of photochemical and electrochemical processes for industrial applications.^[@ref6]^ In this Outlook, we highlight the key features of electrochemistry, photochemistry, and electrophotochemistry in the context of recent state-of-the-art developments (ca. 2017--2020) in each respective area and provide our perspectives on potential future directions. This Outlook does not aim to provide a comprehensive review in these areas, as such reviews are available from the recent literature.^[@ref1]−[@ref3]^

2. Electrochemistry {#sec2}
===================

Faraday,^[@ref7]^ Kolbe,^[@ref8]^ and Schoenbein^[@ref9]^ pioneered the field of electroorganic synthesis in the early to mid-19th century with the development of acetic acid electrolysis to hydrocarbons, electrochemical decarboxylative dimerization, and reductive dehalogenation of trichloromethylsulfonic acid, respectively. These initial reports stimulated considerable interest in electrochemistry throughout the 20th century, leading to key advances in electroanalytical techniques,^[@ref10]^ reactor engineering,^[@ref11]^ and synthetic discoveries.^[@ref12]^ Electrochemistry confers advantages that conventional chemical methods alone lack. Chief among these advantages is external reaction control via current and potential regulation, which allows chemists to initiate and terminate redox reactions with a precision seldom seen in traditional organic chemistry. This capability also grants access to redox potentials that chemical oxidants and reductants are incapable of achieving on their own. As such, electrochemistry has increasingly become recognized as a forerunner for the promotion of innovative synthetic strategies and green chemistry. Taken together with the standardization of electrolysis equipment and better understanding of electrochemical mechanisms, electrochemistry has become widely accessible to synthetic chemists worldwide.^[@ref13]^ In this section, we discuss recent representative examples of electroorganic methodologies to illustrate the unique features of electrochemistry and the new chemistry that they grant access to.

2.1. Promoting Thermodynamically Challenging Reactions at Highly Biased Electrochemical Potentials {#sec2.1}
--------------------------------------------------------------------------------------------------

Electrochemistry provides access to highly reducing and oxidizing potentials that can exceed the limits of chemical oxidants and reductants. In reality, the potential window of electrochemistry is only limited by the redox stability of the solvent and supporting electrolyte employed. Taking full advantage of this characteristic, Baran and co-workers developed an electroreductive Birch reaction ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), in which highly reactive solvated electrons are generated directly by means of cathodic electrolysis.^[@ref14]^ Informed by lithium ion battery research, tris(pyrrolidino)phosphoramide (TPPA) was introduced as an overcharge protection agent to control the structure of the solid-electrolyte interface (SEI), thus preventing undesired direct reduction of Li^+^ and surface passivation. This protocol shows an expansive substrate scope for the reduction of arenes, aziridines, and ketones, and provides a safer and more convenient alternative to the traditional Birch reduction using dissolving metal in liquid ammonia.^[@ref15]^

![(A--C) Electrochemical Birch reduction.](oc0c00549_0001){#fig1}

Phosphine oxides are common byproducts in organic synthesis and are typically a thermodynamic sink with little synthetic value. Thus, the reductive regeneration of phosphines from phosphine oxides is a challenging transformation due to difficulties in activating strong P=O bonds. Recently, Sevov et al. reported the direct conversion of phosphine oxides to the corresponding phosphines at deeply reducing potentials.^[@ref16]^ In this reaction, Al is used as a sacrificial anode and is oxidized to Al^3+^ during electrolysis. Al^3+^ then acts as a Lewis acid and promotes the efficient reduction of phosphine oxides ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). In addition, tetramethylethylenediamine (TMEDA) is used as an additive to prevent the passivation of the anode through metal oxide formation. These modifications provide critical improvements over related previous reports^[@ref17]^ on electrochemical phosphine oxide reduction and thus provides a more practical and reliable solution to this synthetic challenge.

![(A--C) Electroreduction of phosphine oxide.](oc0c00549_0002){#fig2}

Complementary to the deep reductive Birch reaction, Baran reported an electrooxidative method for the synthesis of hindered dialkyl ether from carboxylic acids and alcohols (commonly known as the Hofer--Moest reaction) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).^[@ref18]^ This reaction proceeds first through a pathway akin to the Kolbe electrolysis, wherein a carboxylate substrate undergoes anodic oxidation to form the corresponding carbon-centered radical. Under highly biased electrode potentials, the radical can be further oxidized to a carbocation, which then engages in nucleophilic substitution by an alcohol to afford the ether product. The addition of AgPF~6~ and 2,4,6-collidine improves the reaction efficiency and chemoselectivity. It was postulated that Ag^+^ and reaction solvent DCM may serve as the sacrificial oxidant. The reaction scope was further extended to the synthesis of medicinally relevant ethers as well as the use of other nucleophiles.

![(A, B) Electrooxidative synthesis of hindered ethers.](oc0c00549_0003){#fig3}

2.2. Precise Selectivity Control by Means of Electrocatalysis {#sec2.2}
-------------------------------------------------------------

In direct electrolysis experiments, reaction selectivity is controlled by electrode potentials in the electron transfer events. However, electrodes themselves rarely impart selectivity through specific molecular recognition, nor do they influence the pathways of downstream chemical processes. This issue can be addressed by the introduction of an electrocatalyst, which can not only lower the overpotential of electron transfer, but also impart chemo-, regio-, and stereoselectivity in subsequent transformations of resultant reactive intermediates.^[@ref19]^ Using an electrocatalytic strategy, Lin et al. developed a Mn-catalyzed alkene diazidation reaction toward the synthesis of vicinal diamines ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A--C).^[@ref20]^ This transformation is mediated by a Mn^II^/^III^ catalytic cycle (*E*~p/2~ ≈ 0.56 V vs Fc/Fc^+^), in which the anode takes on the role of activating the Mn catalyst to generate \[Mn^III^\]-N~3~ as a key reactive intermediate. \[Mn^III^\]-N~3~ acts as a persistent azidyl radical source that delivers both equivalents of N~3~^•^ to the alkene in a stepwise fashion. Under the optimal electrocatalytic conditions, the Mn^II^/^III^ redox process proceeds selectively on the anode, while the formation of promiscuous N~3~^•^ is minimized, thus giving rise to highly selective alkene diazidation. By the same catalytic design, Lin has expanded the scope of electrocatalysis to the heterodifunctionalization of alkenes to access a broader range of vicinally difunctionalized products in a modular fashion.^[@ref21]^

![(A--G) Electrocatalytic alkene diazidation (left) and enantioselective hydrocyanation (right).](oc0c00549_0004){#fig4}

Recently, Lin et al. demonstrated the possibility of asymmetric electrocatalysis in the context of cyanaofunctionalization^[@cit22a]^ and hydrocyanation^[@cit22b]^ of alkenes to furnish chiral nitriles of pharmaceutical and biological relevance. In particular, the hydrocyanation reaction relies on a dual electrocatalytic process, wherein a pair of Co(salen) and Cu\[sBOX(*^t^*Bu)\] catalysts operate in tandem to install H and CN groups across the alkene substrate ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}E--G). Electrochemistry provides an efficient means to turn over both catalysts through direct single-electron oxidation. To achieve high levels of asymmetric induction, a new bisoxazoline ligand derived from serine \[sBOX(*^t^*Bu)\] was developed to aid in the Cu-catalyzed enantioselective C-CN formation.^[@cit22a]^ This reaction is applicable to a wide range of conjugated alkenes including styrenes, dienes, enynes, and allenes.

In the past several years, Stahl has developed a suite of aminoxyl-catalyzed electrochemical oxidation reactions of alcohols and related substrates.^[@ref23]^ These mediated systems harness aminoxyl radicals' facile and reversible electrochemical behavior as well as their ability to oxidize alcohols in an inner-sphere process. The combination of these features allowed the electrochemical reactions to proceed at very mild potentials, thereby avoiding the direct oxidation of alcohols (*E* \> 1.2 V vs Fc/Fc^+^) and tolerating a much wider range of functional groups. Recently, this approach has been expanded to the oxidative functionalization of amines.^[@ref24]^ For instance, Stahl developed an α-C-H cyanation reaction of unprotected secondary amines using 9-azabicyclononane *N*-oxyl (ABNO) as an electrocatalyst ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).^[@cit24b]^ Anodically generated ABNO^+^ promotes the dehydrogenation of the a secondary amine to form an imine, which reacts with CN^--^ to afford the desired product. The resultant ABNO-H can undergo electron/proton transfer near the anode surface to regenerate ABNO^+^. The reaction has a broad scope and is applicable to the synthesis and derivatization of pharmaceutical building blocks.

![(A--C) Electrochemical α-cyanation of piperidine.](oc0c00549_0005){#fig5}

Redox mediators are frequently used as overcharge protection agents in energy storage research to consume excessive current and prevent the degradation of charge carrying electrolytes.^[@ref25]^ This strategy has recently been implemented by Sevov et al. in an electroreductive cross-electrophile coupling (XEC) reaction of alkyl and aryl halides ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}).^[@ref26]^ In this work, a redox active yet catalytically inactive Ni complex \[Ni(MeBPI)~2~\] (*E*~1/2~ ≈ −1.82 V vs Fc/Fc^+^) is used to shuttle excess electrons between cathode and anode. Thus, the reactive catalyst Ni(MeBPI)OAc (*E*~1/2~ ≈ −1.72 V vs Fc/Fc^+^) is protected from overreduction to the catalytically inactive form on the cathode and ultimately gives rise to more efficient and practical conditions for the XEC of a wide range of substrates.

![(A--C) Ni-catalyzed electroreductive XEC.](oc0c00549_0006){#fig6}

Metal oxide materials have been extensively studied as heterogeneous electrocatalysts for energy-related chemical transformations (e.g., oxygen evolution). Recently, Manthiram et al. employed a heterogeneous catalytic approach to enable the electrochemical epoxidation of alkenes using H~2~O as the O source.^[@ref27]^ In this system, Mn~3~O~4~ nanoparticles are deposited on the carbon anode, and electrogenerated Mn^IV^=O is postulated to be the active epoxidation agent. A series of linear, cyclic, and aliphatic epoxides can be attained in synthetically useful yields, thus providing a greener alternative to traditional epoxidation methods.

2.3. Tuning Reaction Selectivity by Externally Controlling the Electrical Input {#sec2.3}
-------------------------------------------------------------------------------

A unique feature of electrochemical reactions is the possibility of modulating reaction rates in a temporal fashion by regulating the current and potential input.^[@ref28]^ As an example, Modestino et al. applied electrochemical pulsing techniques---which are often used to study reaction kinetics and mechanisms---to optimize the electrochemical transformation of acrylonitrile (**7**-**1**) to adiponitrile (**7**-**5**) ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}).^[@ref29]^ Currently, this largest organic electrochemical process in industry suffers from low selectivity at high current densities owing to the difficulty in balancing mass and electron transport. By applying a pulse sequence where the cathodic potential cycles between −3.5 and 0 V at millisecond-level frequencies, the composition of the electrode diffusion layer can be regulated to allow for periodic renewal of the substrate. By maintaining an appropriate concentration of **7**-**1**, the mass transport issue and side reactions resulting from overreduction of reaction intermediates (e.g., **7**-**2**) are mitigated. Taking advantage of artificial intelligence to predict the best pulsing parameters, Modestino achieved a 325% ADN selectivity improvement (**7**-**5**/**7**-**3** = 3.71 vs 1.14) and 30% production rate enhancements (0.13 g cm^--2^ h^--1^ vs 0.10 g cm^--2^ h^--1^) with respect to traditional direct current conditions.

![Optimization of ADN synthesis through electrochemical pulses.](oc0c00549_0007){#fig7}

2.4. Establishing New Reactivity via Strategic Coupling of Multiple Redox Events {#sec2.4}
--------------------------------------------------------------------------------

A key attribute of electrochemistry is the ability to power multiple electron transfer processes in parallel or in tandem in the same reaction system. For example, this feature was used elegantly in the development of paired electrolysis strategies, wherein both cathodic and anodic reactions are used productively, either in parallel or in a convergent fashion, to promote the desired synthetic transformation.^[@ref30]^ This strategy can maximize energy efficiency and enable challenging synthetic transformations. An early example of paired electrolysis is BASF's lysmeral/phthalide production where the reduction of dimethyl phthalate and the oxidation of 4-*tert*-butyltoluene are carried out simultaneously in a single electrolysis reactor.^[@ref31]^ Recently, Moeller/Kubiak^[@ref32]^ and Berlinguette^[@ref33]^ also demonstrated paired electrolysis in divided cell systems, combining organic transformations with energy conversion in the same electrolysis experiment.

Baran and co-workers developed an electrochemical Ni-catalyzed amination of aryl halides, which expands the scope of C--N coupling reactions to substrates that are challenging to the canonical Buchwald--Hartwig reaction ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}).^[@ref34]^ In collaboration with White, Neurock, and Minteer, Baran found that both cathode and anode play critical roles by providing access to key oxidation states of the Ni catalyst in the reaction mechanism. On the cathode, Ni^II^ precatalyst (**8**-**4**) is reduced to Ni^I^ (**8**-**5**) to enter the catalytic cycle, and the Ni^III^ complex (**8**-**6**) generated from oxidative addition is reduced to Ni^II^ intermediate (**8**-**7**) prior to ligand exchange with the amine. The resultant intermediate **8**-**8** then diffuses to the anode and is oxidized to Ni^III^ (**8**-**9**), which undergoes reductive elimination to afford the product and regenerate Ni^I^ (**8**-**5**).

![(A--C) Electrochemical aryl amination.](oc0c00549_0008){#fig8}

Analogous to paired electrolysis, new strategies have recently been developed that couple two anodic or two cathodic events in parallel to achieve cross radical coupling and related transformations.^[@ref35]^ For example, in [Section 2.2](#sec2.2){ref-type="other"}, we discussed Lin's development of electrocatalytic alkene functionalization reactions. These reactions employ anodically coupled electrolysis (ACE) strategy and combine two parallel oxidative processes with similar oxidation potentials. Strategic reaction design allows the simultaneous generation of a pair of persistent and transient open-shell intermediates, which then add across an alkene in a regio- and chemoselective fashion under the direction of transition metal catalysts (e.g., Mn,^[@ref36]^ Co,^[@cit22b]^ Cu;^[@ref22]^ for an example; see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}F).^[@ref21]^ Recently, Rovis and Lehrherr described a similar strategy for the reductive synthesis of hindered primary amines, wherein cathodically coupled electrolysis (CaCE) enables the concurrent formation of a transient α-amino radical (**9**-**4**) and a persistent heteroaryl radical (**9**-**5**) via proton-coupled electron transfer (PCET) prior to their cross coupling ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}).^[@ref37]^

![(A--C) Hindered amine synthesis via CaCE.](oc0c00549_0009){#fig9}

2.5. Driving Transformations Far from Equilibrium Using Bioelectrocatalysis {#sec2.5}
---------------------------------------------------------------------------

Perfected by evolution, enzymes are known to drive some of the most challenging chemical transformations with exquisite selectivity. In this sense, electrochemistry is also an excellent tool for operating chemical processes far from equilibrium by providing a potential bias. Thus, the merger of the two, i.e., bioelectrocatalysis, has the potential of reversing the thermodynamics of nonspontaneous chemical reactions and thus giving rise to higher energy and value-added compounds (e.g., fuels, fine chemicals, drugs) from some of the most stable and abundant resources (e.g., CO~2~ and N~2~).^[@ref38]^

In an elegant recent example, Minteer devised a H~2~/α-keto acid enzymatic fuel cell to convert N~2~ to value-added chiral amino acids ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}).^[@ref39]^ In this system, Methyl viologen (MV) is introduced as a redox mediator to promote efficient electron transfer between the electrodes and target enzymes via a MV^2+^ ⇌ MV^•+^ cycle. In the cathodic compartment, electrogenerated MV^•+^ mediates two key enzymatic events---the reduction of N~2~ to NH~4~^+^ by nitrogenase and the conversion of nicotinamide adenine dinucleotide (NAD^+^) to NADH by diaphorase (DI). The resultant NH~4~^+^ and NADH are fed to [l]{.smallcaps}-leucine dehydrogenase (LeuDH) as N and e^--^ sources for the reductive amination of ketones to chiral primary amines. Meanwhile, in the anodic chamber, NiFe hydrogenase I (SHI) oxidizes H~2~ gas to H^+^, serving as an electron source for the cathodic reactions. The two compartments are separated by a proton-exchange membrane (PEM). The judicious choice of enzymes enabled high NH~3~ utilization rate and up to 82% Faradaic efficiency without an external electricity input.

![(A--C) Bioelectrocatalytic synthesis of chiral amines Graphs in panel B are reproduced from ref ([@cit39a]). Copyright 2020 American Chemical Society.](oc0c00549_0010){#fig10}

2.6. Using Electricity to Replace Traditional Chemical Oxidants and Reductants {#sec2.6}
------------------------------------------------------------------------------

Electrochemistry drives redox transformations using an electric current as the "traceless" reagent to replace traditional chemical oxidants or reductants. It is worth noting that electrochemical reaction is still a balanced system, as a sacrificial oxidant or reductant is consumed on the counter electrode and is frequently innocuous to the target reaction (e.g., H^+^) or can be conveniently separated by using a divided electrolysis cell. This feature of electrochemistry frequently enhances the atom economy and sustainability of organic synthesis and also minimizes undesirable processes that hinder the desired reactivity (e.g., side reactions promoted by chemical oxidants/reductants, scalability challenges due to the use of stoichiometric redox agents, and problematic catalyst activation when a heterogeneous redox agent is used).

To this end, several electrochemical protocols have recently been unveiled for oxidative C--H functionalization to circumvent the use of stoichiometric oxidants that are employed in conventional chemical strategies.^[@ref40]^ For example, Ackermann developed electrocatalytic sp^2^ C--H activation reactions toward C--O, C--N, and C--C formation, in which turnover of the transition metal catalyst (e.g., Co, Ni, Cu, Rh) is achieved directly on an anode.^[@ref41]^ A similar strategy has also been independently employed by Sanford,^[@ref42]^ Lei,^[@ref43]^ Xu,^[@ref44]^ Mei,^[@ref45]^ Waldvogel,^[@ref46]^ et al. for "oxidant-free" oxidative functionalization of C--H bonds.

In Ni-catalyzed cross-electrophile coupling (XEC) reactions, stoichiometric amounts of reducing metals such as Zn and Mn are often required to turn over the catalysts.^[@ref47]^ Such heterogeneous systems are subjected to several key issues, including unreliable catalyst activation that depends on the physical property and quality of the metal reductants as well as difficulties in scaling up the reactions. Recently, Reisman successfully developed an electrochemically driven Ni-catalyzed XEC by substituting Zn reductant with a C cathode ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}).^[@ref48]^ This electroreductive system thus enables efficient, scalable, and enantioselective coupling of alkenyl and benzyl halides.

![(A, B) Ni catalyzed electroreductive coupling of alkenyl and benzyl halides.](oc0c00549_0011){#fig11}

2.7. Understanding Mechanism of Redox Transformations Using Electroanalytical Tools {#sec2.7}
-----------------------------------------------------------------------------------

Electroanalytic methods, including voltammetry, spectroelectrochemistry, hydrodynamic electrodes, and scanning electrochemical microscopy, are powerful tools for investigating reaction mechanisms involving electron transfer events.^[@ref49]^ Recently, these analytical techniques that are widely used in energy research have seen increasing applications in organic synthetic systems. For example, voltammetry can reveal the redox properties of reactive species and provides kinetic information for reactive intermediates that are difficult to access using chemical techniques.

Minteer and Sigman utilized cyclic voltammetry (CV) and square wave voltammetry (SWV) to study the thermodynamic and kinetic profile of a series of Co^I^ complexes with bidentate *N*,*N*-ligands that are relevant to electrocatalysis ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}).^[@ref50]^ In combination with multivariate linear regression analysis and various other experimental and theoretical techniques, the mechanism of Co^I^ disproportionation---an undesired catalyst decomposition pathway---was studied in great detail. This study also led to the identification of an electronically asymmetric pyrox ligand (**12**-**1**) that both promotes desired oxidative addition of Co^I^ to benzyl bromide and suppresses the deleterious disproportionation pathway. In a follow up work, Sigman and Minteer further elucidated the mechanism of oxidative addition of the bidentate Co^I^ complex (**12**-**2**) to benzyl bromides using CV in combination with simulation, Hammett analysis, and kinetic isotope effect studies.^[@ref51]^ It was thus found that Co^I^ is transformed to Co^III^-alkyl (**12**-**5**) in a two-step mechanism: the formation of a benzylic radical via halogen-atom abstraction and radical recombination with resultant Co^II^ ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}B).

![(A, B) Mechanistic study of oxidative addition to Co^I^ complex. Graphs in panel A are reproduced from ref ([@ref51]). Copyright 2019 American Chemical Society.](oc0c00549_0012){#fig12}

In the development of an electrochemical alkene azidooxygenation reaction, Lin and co-workers discovered the formation of a key charge-transfer complex (CTC **13**-**2**) from TEMPO^+^ and NaN~3~ which mediates inner-sphere oxidation of N~3~^--^ to N~3~^•^ ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}).^[@ref52]^ Using cyclic voltammetry, Lin observed a Nernstian dependence of the peak potential of TEMPO oxidation on azide concentration, which enabled the stoichiometry of the CTC formed between TEMPO and azide to be determined. Recently, the structure of this CTC has also been unambiguously elucidated by X-ray crystallography, which shows an unusual pancake bonding between N~3~ and the N-O motif of TEMPO that resembles a \[3 + 2\] cycloaddition transition state.^[@ref53]^ Insights into the azidooxygenation mechanism and discovery of the CTC informed the discovery of a metal-free aminoxyl radical-catalyzed alkene diazidation reaction ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D).^[@ref54]^

![(A, B) Determination of the stoichiometry of TEMPO-N~3~ CTC complex using CV. Graphs in panel B are reproduced from ref ([@ref52]). Copyright 2018 American Chemical Society.](oc0c00549_0013){#fig13}

2.8. Practical Electrosynthesis Promoted by Technology Development {#sec2.8}
------------------------------------------------------------------

The rapid innovation in the area of synthetic organic electrochemistry has driven the development of new reactor technologies to further facilitate the broad adoption of electrochemical methods in academic and industrial organic synthesis. For example, continuous-flow technology has been integrated with electrochemical reactions to streamline electrosynthesis on practical scales by circumventing issues associated with batch reactors.^[@ref55]^ Flow reactors are space efficient, enable fast heat and mass exchange, minimize ohmic drop between electrodes, and promote high efficiency and reproducibility in scaled-up conditions.^[@ref6],[@ref56]^ Recently, the Nöel group reported the electrochemical oxidative coupling of thiols and fluoride to yield sulfonyl fluorides in a continuous-flow reactor, which reduces electrolyte usage and shortens reaction time to only 5 min vis-à-vis traditional batch reactor systems ([Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}).^[@ref57]^ In addition, because the flow system enhances mass transport and mixing, thus allowing the use of turbid biphasic solutions as the reaction media in comparison to a batch system.^[@cit57b]^

![(A--C) Sulfonamide synthesis in flow. Image in panel B is reproduced from ref ([@cit57a]). Copyright 2019 American Chemical Society.](oc0c00549_0014){#fig14}

Standardized batch reactors have also been developed for laboratory-scale reaction screening and chemical synthesis. Following their initial development of a parallel electrochemical screening system in collaboration with Waldvogel, IKA recently teamed up with Baran to invent ElectraSyn 2.0, a commercially available, standardized electrochemical reactor that facilitates the broad adoption of electrosynthetic methods in organic synthesis.^[@ref13]^ Recently, a novel 3D-printed flow reactor was designed by Lam and Hilton that is fully integrated with ElectraSyn 2.0.^[@ref58]^ This reactor was demonstrated in the electrolyte-free electrochemical methoxymethylation of alcohols ([Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"}).

![(A--C) 3D printed flow reactor for methoxymethylation of alcohols Graphs in panel B are reproduced from ref ([@ref58]). Copyright 2019 Chemistry Europe.](oc0c00549_0015){#fig15}

2.9. Summary {#sec2.9}
------------

As demonstrated by the above examples, electrochemistry has opened a new avenue for innovating organic synthesis and promoting green chemistry. The tremendous advances in this area in the past several years have presented chemists with many new challenges and opportunities. For example, high-throughput reactors and automated synthesizers that are amenable to electrochemical systems will further expand the scope of electroorganic synthesis and broaden its application in the industry. The implementation of design of experiments could guide and streamline the optimization of electroorganic reactions.^[@ref59]^ The broader adaptation of electrochemical methods may be increased further by the discovery of new redox-active electrocatalysts and mediators, development of new electrode materials with high stability and/or new catalytic activity, exploration of challenging transformations at extreme electrode potentials, creative use of spatial and temporal control, and extensive application of electroanalytic tools to aid mechanism-driven reaction discovery.

3. Photocatalysis {#sec3}
=================

Visible-light photocatalysis has become a pillar of modern organic chemistry in the past decade. Similar to electrochemistry, photocatalysis has been widely used as a tool in energy conversion transformations for decades,^[@ref60]^ but has gained tremendous attention from the synthetic organic chemistry community in recent years.^[@ref61]^ Harnessing the unique reactivities of organic and organometallic species at their excited states, photochemistry has been creatively used to drive a wide range of new transformations that can be challenging to access using traditional thermal activation. In particular, a process called photoredox catalysis has been established, wherein single-electron transfer between the excited state of a photocatalyst and an organic substrate or reagent gives rise to highly reactive intermediates en route to desired product formation. While both electrochemistry and photoredox catalysis can be employed in net oxidative and net reductive reactions, photorodox catalysis also enables transformations that are redox-neutral in nature by coupling single-electron oxidation and reduction events in the same catalytic system.^[@ref62]^ In recent years, the continuous growth in photoredox catalysis has been driven by innovative designs of new metal-based, organic, and semiconductor photosensitizers as well as development of new catalytic strategies (e.g., proton-coupled electron transfer,^[@ref63]^ metallaphotoredox catalysis,^[@cit2b]^ biocatalysis,^[@ref64]^ and triplet fusion upconversion^[@ref65]^). Furthermore, additional photocatalytic strategies such as energy transfer catalysis have seen broader and creative applications in synthetic contexts.^[@ref66]^ Finally, the incorporation of continuous flow technology in photocatalysis further renders light-driven reactions more amenable to practical synthetic applications at scale.^[@ref67]^ In this section, we discuss some of the most recent conceptual advances in the area of visible-light photocatalysis.

3.1. Accessing Deep Reductive Chemistry by New Organic Photocatalyst Design {#sec3.1}
---------------------------------------------------------------------------

In the past decade, organic chromophores have been extensively studied as catalysts in photoredox chemistry. These organic photocatalysts frequently display highly potent oxidizing or reducing power at their excited states compared to transition-metal-based photosensitizers, thus giving rise to distinct new reactivities.^[@ref68]^ In their early work, Nicewicz and co-workers discovered that organic dyes such as acridinium salts can enable traditionally challenging oxidative transformations such as *anti*-Markovnikov hydrofunctionalization of simple alkenes^[@ref69]^ and aromatic nucleophilic substitution of anisoles.^[@ref70]^ Recently, Nicewicz found that the same acridinium catalyst, upon photoexcitation in the presence of a sacrificial reductant, can be transformed into a persistent neutral radical species (**16**-**6**) that is stable under oxygen-free conditions ([Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}).^[@ref71]^**16**-**6** can then undergo a second photoexcitation event to access a twisted-intramolecular charge transfer state (TICT) with a reducing potential as low as −3.36 V (vs SCE). This highly potent photocatalyst was shown to promote reductive dehalogenation of aryl halides and detosylation of protected amines.

![(A--C) An acridine-based radical photoreductant.](oc0c00549_0016){#fig16}

3.2. Simultaneous Generation of Multiple Reactive Intermediates via Semiconductor Photocatalysis {#sec3.2}
------------------------------------------------------------------------------------------------

A common structural feature of small-molecule organic dyes is their extended π-system that stabilizes radicals, radical ions, and the corresponding excited states of the catalyst. In this sense, organic semiconductors with high levels of conjugation are effective heterogeneous photocatalysts.^[@ref72]^ A recent contribution from Konig and Antonietti led to the discovery of mesoporous graphitic carbon nitride (mpg-CN) as a photocatalyst for the functionalization of arenes and heteroarenes ([Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"}).^[@ref73]^ Owing to their unique ability to generate separated electron--hole pairs upon absorption of photons, these semiconductor catalysts are shown to promote a diverse range of arene functionalization reactions under net-reducing, net-oxidizing, and redox-neutral manifolds. For example, simultaneous generation of two distinct radical intermediates can be achieved via a pair of oxidative and reductive events, leading to the bifunctionalization of arenes at two distinct sites.

![(A, B) Difunctionalization of arenes and heteroarenes catalyzed by mpg-CN semiconductor catalyst.](oc0c00549_0017){#fig17}

3.3. New Reactivity or Selectivity Promoted by Novel Metal-Based Photoredox Catalysts {#sec3.3}
-------------------------------------------------------------------------------------

New metal-based catalysts that promote reactions with functions beyond electron transfer have also driven innovations in photoredox catalysis. For example, a binuclear Au(I) complex (\[Au~2~(dppm)~2~\]Cl~2~) has been studied by Barriault as a photocatalyst that enables various radical reactions via reductive activation of unactivated bromoalkanes.^[@ref74]^ This binuclear Au(I) phosphine complex, upon photoexcitation, can effect inner-sphere halogen atom abstraction of bromoalkanes at its open coordination site (**18**-**1**, [Figure [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"}A). This action leads to the effective reduction of substrates that are usually considered endothermic in outer-sphere electron transfer mechanisms.

![(A--C) Structures of photocatalysts and representations of key steps in metal-based photoredox reactions.](oc0c00549_0018){#fig18}

Zuo reported Ce(IV) salts as photocatalysts to achieve C--H amination of methane, ethane, and higher alkanes.^[@ref75]^ In the proposed mechanism, an in situ generated Ce(IV)-alkoxy complex (**18**-**7**) from the catalyst and an alcohol additive undergoes ligand-to-metal charge transfer (LMCT) under blue light irradiation, giving rise to a highly reactive alkoxy radical (**18**-**8**) and Ce(III) ([Figure [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"}B). The electrophilic alkoxy radical subsequently activates inert C--H bonds in simple alkanes via HAT, and the incipient alkyl radical is captured by a radical acceptor such as di-*tert*-butyl azodicarboxylate (DBAD) to forge the new C--N bond. The resultant N-centered radical then reacts with Ce(III) to turn over the catalyst and furnish the final product. High turnover frequencies were observed in this photocatalytic system under mild conditions.

Very recently, Gansauer and Flowers reported the first example of titanocene as an effective photocatalyst for epoxide reduction and radical cyclization.^[@ref76]^ Upon irradiation of green light, the Cp~2~Ti(IV)Cl~2~ catalyst undergoes LMCT, which results in an excited species with a sufficiently long solution lifetime to undergo reductive quenching with iPr~2~NEt ([Figure [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"}C). The resultant Ti(III) catalyst (**18**-**11**) then reductively ring-opens an epoxide, with the nascent alkyl radical abstracting a hydrogen atom from a thiol cocatalyst to complete product formation. Both Ti and thiol catalysts are proposed to be regenerated by reacting with the oxidized form of the sacrificial reductive quencher.

3.4. Achieving Near-IR-light Photocatalysis via Triplet Fusion Upconversion {#sec3.4}
---------------------------------------------------------------------------

Rovis and Campos have explored the utilization of near-infrared (NIR) light to activate photocatalysts through the triplet fusion upconversion process.^[@ref65]^ This process involves an annihilator and a photosensitizer ([Figure [19](#fig19){ref-type="fig"}](#fig19){ref-type="fig"}A). The palladium or platinum-based sensitizer (**19**-**1** or **19**-**3**) absorbs a low energy photon from NIR light and undergoes energy transfer with an annihilator (often conjugated organic dyes such as **19**-**2** or **19**-**4**) to yield a triplet excited annihilator ^3^\[An\]. Two molecules of ^3^\[An\] undergo triplet fusion to generate a higher-energy singlet excited annihilator ^1^\[An\]\*. This exciton then decays through fluorescence, giving off a higher energy photon ([Figure [19](#fig19){ref-type="fig"}](#fig19){ref-type="fig"}B). Therefore, this strategy allows the generation of high energy photons deep inside the reaction vessels, increasing the reaction efficiency while utilizing less energetic yet more penetrating light sources. The generality of this strategy was demonstrated in a number of organic transformations including dehalogenation and radical cyclization catalyzed by Eosin Y (NIR-to-orange light upconversion) and \[2 + 2\] cycloaddition catalyzed by Ru(bpy)~3~(PF~6~)~2~ (NIR-to-blue light upconversion) ([Figure [19](#fig19){ref-type="fig"}](#fig19){ref-type="fig"}C).

![(A--C) Near-IR-light photocatalysis via triplet-fusion upconversion.](oc0c00549_0019){#fig19}

3.5. Promoting New Cross Coupling Reactions by Mean of Metallaphotoredox Catalysis {#sec3.5}
----------------------------------------------------------------------------------

Since pioneering contributions from Doyle/MacMillan,^[@cit77a],[@cit77b]^ and Molander,^[@cit77c]^ metallaphotoredox catalysis---a concept that features interception of a photoredox cycle with a secondary transition-metal promoted cycle---has become a general platform for accessing new bond disconnection strategies in cross coupling chemistry.^[@ref68],[@ref78]^ An elegant recent example is Doyle's development of a Ni- and photoredox dual catalytic cross-coupling between chloroformate and simple alkanes via C--H activation ([Figure [20](#fig20){ref-type="fig"}](#fig20){ref-type="fig"}).^[@ref79]^ In the proposed mechanism, photoirradiation promotes two critical steps. First, light excites the Ir photocatalyst, which then mediates two key redox steps in the Ni cycle: reductive activation of Ni^I^ to Ni^0^ (**20**-**10** to **20**-**4**) toward oxidative addition to chloroformate and oxidative activation of Ni^II^ to Ni^III^ (**20**-**5** to **20**-**6**) prior to engaging in reaction with the alkane. Second, photoexcitation of the resultant Ni^III^ intermediate (**20**-**6**) facilitates the cleavage of the Ni--Cl bond and liberates a highly reactive chlorine atom that can undergo hydrogen atom abstraction from the alkene substrate. The resultant alkyl radical (**20**-**8**) recombines with Ni^II^ intermediate **20**-**7** prior to reductive elimination to furnish the C--C coupling product.

![(A--C) Direct C--C bond formation from alkanes using Ni-photoredox catalysis.](oc0c00549_0020){#fig20}

Another powerful demonstration of metallaphotoredox catalysis comes from MacMillan's group. Here, they combined tetrabutylammonium decatungstate (TBADT)-promoted HAT with Ni catalyzed cross-coupling to achieve C(sp^3^)-C(sp^2^) bond formation directly from alkanes and aryl halides ([Figure [21](#fig21){ref-type="fig"}](#fig21){ref-type="fig"}).^[@ref80]^ Photoexcited TBADT is capable of activating strong C--H bonds in simple alkanes (**21**-**1**).^[@ref81]^ The radical (**21**-**4**) generated upon HAT is then captured by the Ni(0) catalyst, followed by oxidative addition of aryl halides (**21**-**2**) to the nascent Ni(I) intermediate. Subsequent reductive elimination provides the arylated product (**21**-**3**). The resultant Ni(I) and reduced TBADT then react with one another to regenerate Ni(0) and TBADT. This method features a broad substrate scope and is applicable to the modification of natural products and pharmaceutical agents.

![(A--C) Direct arylation of strong aliphatic C--H bonds.](oc0c00549_0021){#fig21}

3.6. Energy Transfer Catalysis {#sec3.6}
------------------------------

Energy transfer (EnT) catalysis features a mechanism wherein a pair of excited photocatalyst and substrate exchange excited-state and ground-state electrons (i.e., Dexter electron transfer), thereby completing transfer of energy from the catalyst to the substrate.^[@ref82]^ This process is thus distinct from canonical photoredox catalysis and does not involve net redox state changes of the photocatalyst or the substrates. Nevertheless, EnT catalysis has become an integral part of visible-light photocatalysis in recent years, and studies in this area have resulted in creative conceptual advances and useful transformations.^[@cit2a]^

An early example using this strategy is from Yoon et al., who developed enantioselective \[2 + 2\] cycloaddition via Lewis acid catalyzed triplet energy transfer.^[@ref83]^ Binding of the Lewis acid to the chalcone-type substrate (**22**-**5**) serves to lower the triplet energy of the substrate, thereby facilitating energy transfer from the excited photocatalyst to the adduct ([Figure [22](#fig22){ref-type="fig"}](#fig22){ref-type="fig"}A). The chelation of a chiral ligand with a Lewis acid also renders the cycloaddition enantioselective.

![(A--C) Examples of energy transfer catalysis.](oc0c00549_0022){#fig22}

Bach reported the deracemization of allenes using a chiral thioxanthone catalyst bearing H-bond molecular recognition sites (**22**-**7**, [Figure [22](#fig22){ref-type="fig"}](#fig22){ref-type="fig"}B).^[@ref84]^ Chiral allenes can undergo configuration scrambling via corresponding achiral planar triplet intermediates. In Bach's system, the pair of diastereomeric H-bond adducts between **22**-**7** and two enantiomers of the substrate (**22**-**6** and *ent*-**22**-**6**) exhibit markedly different distances between the thioxanthone moiety of the catalyst and the allene group of **22-6**. Thus, adduct **22**-**7**--*ent*-**22**-**6** undergoes more efficient triplet energy transfer from thioxanthone (triplet energy was reported to be 63 kcal mol^--1^) to the bound substrate than **22**-**7**--**22**-**6**. In this way, **22**-**7** serves as a unidirectional catalyst that preferentially racemizes one of the enantiomerover the other, eventually leading to enrichment of **22**-**6** (up to 97% ee).

In a related context, Gilmour disclosed an elegant strategy for isomerizing alkenes via selective energy transfer ([Figure [22](#fig22){ref-type="fig"}](#fig22){ref-type="fig"}C).^[@ref85],[@ref86]^ A boronate ester is introduced at the β-position of an α,β-unsaturated carbonyl substrate as a handle to induce directionality of the isomerization equilibrium toward the *Z*-isomer. The photosensitizer thioxanthone can engage in triplet energy transfer with an alkene, which causes cleavage of the π-bond by generating a delocalized biradical intermediate wherein C--C rotation is possible. In the *Z*-alkene, the C(sp^2^)--B bond is twisted by 90° to mitigate repulsive steric interactions and promote a dative interaction with the carbonyl group. This distortion creates a deconjugated π system with increased triplet energy, rendering energy transfer from the photosensitizer less efficient. This photoinduced isomerization process is adopted in the stereocontrolled synthesis of polyenes as well as stereodivergent Diels--Alder reaction.

3.7. Driving Thermodynamically Unfavorable Reactions via Proton-Coupled Electron Transfer {#sec3.7}
-----------------------------------------------------------------------------------------

Proton-coupled electron transfer (PCET)---a process that has primarily been studied in the energy sector^[@ref87]^---has recently seen creative applications in photocatalytic organic synthesis.^[@ref88]^ A concerted PCET process involves the transfer of a proton and an electron to or from the substrates in a single elementary step and often displays substantially lower energy barrier than tandem decoupled PT/SET processes.^[@ref89]^ Thus, this strategy allows for the generation of reactive intermediates by breaking homolytically very strong chemical bonds. For instance, the Knowles group described a diverse suite of photocatalytic transformations including inter- and intramolecular hydroamination,^[@cit90a]^ hydroetherification reactions,^[@cit90b]^ and oxidative C--O and C--C activation reactions.^[@cit90c],[@cit90d]^ Recently, the scope of PCET photocatalysis has been extended to the depolymerization of lignin^[@ref91]^ and activation of metal-nitrides for ammonia synthesis.^[@ref92]^ In a work reported back-to-back with Rovis' related contribution,^[@ref93]^ Knowles described remote C--H alkylation of amides, which is mediated by the generation of a highly reactive amidyl radical by means of PCET under the cooperative action of an Ir photocatalyst and a phosphate base([Figure [23](#fig23){ref-type="fig"}](#fig23){ref-type="fig"}).^[@ref94]^ Recently, Alexanian and Knowles also reported an intermolecular C--H alkylation reaction via multisite-PCET.^[@ref95]^

![A PCET process enabled remote C--H alkylation of amides.](oc0c00549_0023){#fig23}

Harnessing the multitude of reactivities enabled by proton/electron transfer processes, Knowles reported a light-driven deracemization of cyclic ureas ([Figure [24](#fig24){ref-type="fig"}](#fig24){ref-type="fig"}).^[@ref96]^ In the proposed mechanism, an Ir photocatalyst is responsible for the reversible SET with the urea substrate (**24**-**1**). The radical cation (**24**-**4**) generated from the SET process has a significantly acidified α-C--H bond, which can be deprotonated by a weak chiral phosphate base (**24**-**2**). The incipient α-amino radical (**24**-**5**) subsequently engages in HAT with a chiral hydrogen-atom donor (cysteine-based oligopeptides, **24**-**3**) to afford the enantiomerically enriched urea. Finally, a PCET process (concerted or stepwise) among Ir photocatalyst, chiral phosphoric acid (**24**-**2**), and the peptide thiyl radical (**24**-**3**) restore them to their original forms. In the presence of both chiral catalysts, the enantioselectivity amplifies through the two-step mechanism, yielding enantioenriched ureas in high ee. Because the removal and reinstallation of the stereogenic H is achieved by two orthogonal mechanisms, deprotonation and HAT, this strategy circumvents the inevitable microscopic reversibility principle and achieves thermodynamically unfavorable deracemization.

![Light-driven deracemization of cyclic ureas.](oc0c00549_0024){#fig24}

3.8. Challenging Enantioselective Transformations by Means of Biocatalysis {#sec3.8}
--------------------------------------------------------------------------

Photochemistry has also been creatively coupled with biocatalysis to enable new bonding forming reactions with high stereochemical control.^[@ref97]^ For example, Hyster has established a strategy that uses photoirradiation to induce enzyme promiscuity and gain access to new reactivities that are non-native to natural biocatalysis. Using flavin-dependent enzymes, the radical cyclization of α-chloroamides to the pendant alkene takes place to afford β-stereogenic lactams ([Figure [25](#fig25){ref-type="fig"}](#fig25){ref-type="fig"}).^[@ref98]^ In the enzyme active site, photoexcitation of a charge-transfer complex (CTC) formed between the reduced hydroquinone form of the flavin cofactor (FMN~hq~) and the bound substrate (**25**-**1**) promotes reductive dechlorination of the α-chloroamide. The resultant C-centered radical (**25**-**3**) undergoes enantioselective cyclization and diastereoselective hydrogen-atom transfer from the semiquinone form of flavin (FMN~sq~), both of which are governed by the enzyme. This reaction is applicable to a range of structurally diverse cyclization substrates with high stereochemical control.

![(A, B) Photoexcited flavinenzyme catalyzed stereoselective radical cyclizations.](oc0c00549_0025){#fig25}

3.9. Technology Advances Using Flow Photochemistry {#sec3.9}
--------------------------------------------------

Continuous flow technology presents itself with a number of attractive attributes for photochemical transformations vis-à-vis conventional batch reactors, including increased photon quanta and irradiation surface area, improved mixing, and more reliable scale-up synthesis.^[@cit6b]^ Following early developments by Jamison^[@ref99]^ and Stephenson,^[@ref100]^ flow chemistry has seen increasing application in photochemical synthesis. For example, Wu demonstrated that flow reactors drastically improve the reproducibility of photochemical C--H alkylation by confining volatile HCl---precursor to HAT agent Cl^•^---in the microtubing flow reactor.^[@ref101]^ In another recent work, Noël reported stereoselective synthesis of difluoromethylated styrenes via photocatalytic decarboxylation reactions ([Figure [26](#fig26){ref-type="fig"}](#fig26){ref-type="fig"}).^[@ref102]^ When carried out in a batch reactor, the decarboxylative functionalization of *ortho*-substituted substrate **26**-**1** gives rise to *Z*-selective product (*Z*)-**26**-**2** as the major product (*E*/*Z* = 5:95), which results from initial formation of the thermodynamically more stable *E*-isomer and subsequent competing *E*/*Z* isomerization via a triplet--triplet energy transfer mechanism. Notably, using a flow reactor, the rate for the decarboxylative functionalization step can be greatly enhanced owing to improved irradiation and mass transport. Therefore, by shortening the reaction time from 24 h to 15 min, the reaction *E*/*Z* selectivity can be completely reversed (*E*/*Z* = 92:8). This example constitutes a rare case in which the reaction stereoselectivity is controlled by the reactor choice.

![(A, B) Photocatalytic alkylation reaction in batch versus in stop-flow microtubing reactor. Graphs in panel B are reproduced from ref ([@ref102]). Copyright 2017 American Chemical Society.](oc0c00549_0026){#fig26}

3.10. Summary {#sec3.10}
-------------

The remarkable developments in photocatalysis in the past decade have revolutionized synthetic organic chemistry. Building on this foundation, some current challenges and opportunities include achieving precise selectivity control by manipulating singlet--triplet and radical-polar energy surfaces; improving the potential range and photophysical properties of photocatalysts; developing vessels and protocols amenable to large-scale synthesis in pharmaceutical process chemistry; and further integrating photochemistry with materials and biological applications.

4. Electrophotochemistry {#sec4}
========================

The independent successes of electrochemistry and photochemistry, two related yet orthogonal modes of redox activation, piqued interest in employing both of these tactics in a single reaction system to promote organic transformations. Electrophotochemistry (EPC) as a concept was first envisioned in 1970s by Moutet and Reverdy with their work on the photoexcitation of phenothiazine radical cations that were electrochemically generated.^[@ref103]^ Soon after, Rusling demonstrated that the reduction of 4-chlorobiphenyl could be promoted by a super reductant in the form of photoexcited, electrochemically generated anthracene radical anion.^[@ref104]^ Despite a fascinating discovery, the further implementation of this strategy was left underexplored until recently.^[@ref3]^

The chief characteristic of this synergistic approach entails an electrochemical step and a photochemical event combined in the same reaction pathway. In the most common scenario, the electrochemical and photochemical steps take place in tandem for the activation of the same species, often a catalyst, toward the generation of a desired reactive intermediate (see [Sections [4.2](#sec4.2){ref-type="other"}](#sec4.2){ref-type="other"} and [4.3](#sec4.3){ref-type="other"}). Alternatively, electrochemistry and photoexcitation function in decoupled elementary steps of a reaction mechanism for the activation of two discrete reaction components. Although involving both electrochemical and photochemical steps, the latter strategy is mechanistically distinct from the common EPC strategy and is termed decoupled EPC in this essay (see [Section [4.1](#sec4.1){ref-type="other"}](#sec4.1){ref-type="other"}). It is important to note that EPC differs from reaction techniques that employ semiconductor electrodes to generate photocurrent to promote chemical transformations, which is commonly known as photoelectrochemistry (PEC).^[@ref105]^ We note that some recent review^[@cit3b]^ or primary research articles^[@ref106]^ also referred to the EPC strategy as electrochemically mediated or electron-primed photoredox catalysis.

In the past year, EPC as a novel reaction strategy has gained new life, and several research groups have independently developed new reaction methodologies by merging photo- and electrochemistry. In each reaction system, EPC is strategically employed to solve a pertinent problem, such as to remove a chemical oxidant or reductant that degrades the catalyst, to generate highly reactive intermediates under mild conditions, or to access extremely oxidizing or reducing potentials for inert bond activation. These routes thus offer alternative synthetic strategies to currently known chemical, electrochemical, and photochemical methods. This section summarizes recent contributions to this new area of research. EPC is still in its infancy, and the limits of this method have yet to be seen.

4.1. Accessing Reactive Radical Intermediates under Mild Conditions via Decoupled EPC {#sec4.1}
-------------------------------------------------------------------------------------

The merger of electrochemistry and photochemistry broadens the possibilities for elegant reaction design toward solving challenging synthetic problems. Take for example a recent work by Stahl,^[@ref107]^ detailing an intramolecular C--H amination (Hofmann--Loffler--Freytag, HLF reaction) that relies on discrete electrochemical and photochemical processes. Previous attempts at electrochemical Hofmann--Loffler--Freytag (HLF) reactions suffered from limited functional group tolerance due to high anodic potentials.^[@ref108]^ In their strategy, electrochemically generated I~2~ reacts with tosylamine substrate (**27**-**1**) in the presence of a base to form *N*-iodo intermediate **27**-**3**. This photochemically labile species then undergoes homolysis under irradiation, producing amidyl radical **27**-**4** that further proceeds to complete the HLF reaction. By using I~2~ as a multifunctional electrocatalyst that enables photoinduced substrate activation, the required potential for reaction was reduced to as low as 0.3 V (vs Fc/Fc^+^; [Figure [27](#fig27){ref-type="fig"}](#fig27){ref-type="fig"}). Under such mild conditions, a broad scope of functional groups including oxidatively labile electron-rich arenes can be tolerated. Reactivity schemes similar to Stahl's work demonstrate that the two stimuli may operate in discrete cycles and provide promise for new and elegant designs that could be made possible by combining electro- and photochemical activation.

![(A, B) Decoupled EPC wherein I~2~ is electrochemically turned over, and photolysis occurs directly on intermediates.](oc0c00549_0027){#fig27}

4.2. Suppressing Catalyst Degradation by Eliminating Conventional Redox Agents {#sec4.2}
------------------------------------------------------------------------------

Unlike decoupled EPC, a typical electrophotochemical process entails photoirradiation and electrochemistry steps that function in tandem to activate a single catalytic species, thus giving rise to a highly reactive photoexcited catalyst without using a terminal oxidant or reductant. This approach predominantly relies on the use of conjugated catalysts owing to their inherent photo- and electrochemical activity as well as their capacity to stabilize radicals, anions, and cations via resonance. EPC can be strategically employed to solve current synthetic problems. For example, the application of photoredox catalysis in net oxidation or reduction reactions requires the use of a terminal sacrificial oxidant or reductant, which also generates the corresponding byproduct upon reaction with the catalyst. Both the oxidant/reductant and their byproducts could complicate the reaction system through side reactions with the substrate, catalyst, or reactive intermediates. In addition, such stoichiometric redox agents could lead to challenges in scaling up the reactions.

Recent advances demonstrated the use of the EPC strategy to complement and expand the scope of existing photoredox systems. For example, the Xu group has demonstrated the feasibility of cross coupling inside an EPC framework by employing routinely used organotrifluoroborates and an acridinium catalyst.^[@ref109]^ Lin et al. described the application of EPC for the oxidation of alcohols via riboflavin tetraacetate (RFT) and thiourea catalysis ([Figure [28](#fig28){ref-type="fig"}](#fig28){ref-type="fig"}).^[@ref110]^ In the catalytic cycle, the RFT catalyst is first photoexcited to RFT\* and subsequently reacts with thiourea **28**-**2** to generate semiquinone form RFT^•^-H and thiyl radical **28**-**4**. **28**-**4** then undergoes hydrogen atom transfer (HAT) with the alcohol substrate (**28**-**1**) followed by reaction of resultant intermediate **28**-**5** with RFT^•^-H to complete both catalytic cycles and yield the carbonyl product (**28**-**6**). Finally, RFT-H~2~ is turned over at the anode. Replacing the sacrificial oxidant (O~2~) that is commonly used for flavin photocatalysis with an anode suppressed degradation of the secondary thiourea catalyst promoted by O~2~ or its reduced byproduct H~2~O~2~. Therefore, the EPC strategy substantially expands the scope of flavin-catalyzed alcohol oxidation from benzyl alcohols to more challenging unactivated aliphatic alcohols.

![(A, B) EPC employing RFT as both electro- and photochemical catalyst in a single catalytic cycle.](oc0c00549_0028){#fig28}

4.3. Achieving Extremely Oxidizing and Reducing Potentials by Means of Excited Radical Ions {#sec4.3}
-------------------------------------------------------------------------------------------

One of the most prominent applications of EPC is the generation of super oxidants and reductants by means of tandem electro- and photochemical activation. For example, Lambert et al. devised an EPC system that relies on the electrochemical oxidation of trisaminocyclopropenium ion (TAC^+^) to the corresponding radical dication (TAC^2+^) followed by visible light photoexcitation to generate highly potent oxidizer TAC^2+^\* (*E* ≈ 3.3 V).^[@ref111]^ This electrophotocatalyst is shown to be capable of oxidizing inert simple arenes (e.g., benzene) toward coupling with azoles ([Figure [29](#fig29){ref-type="fig"}](#fig29){ref-type="fig"}A). Other literature examples of benzene oxidation reactions do exist, but their scopes are limited to electron-rich substrates including anisoles^[@cit105a]^ and alkylbenzenes.^[@ref112]^ This strategy has recently been expanded to the oxidative C--H functionalization of ethers employing TAC^[@ref113]^ and nucleophilic aromatic substitution using DDQ.^[@ref114]^

![(A, B) Electrophotocatalytic strategies for achieving extreme potentials.](oc0c00549_0029){#fig29}

To access the other end of the potential spectrum and achieve deep reductive chemistry, Lambert and Lin devised dicyanoanthracene (DCA)-catalyzed electrophotochemical functionalization of aryl halides ([Figure [29](#fig29){ref-type="fig"}](#fig29){ref-type="fig"}B).^[@ref115]^ DCA is consecutively reduced and photoexcited to furnish a highly reducing excited-state radical anion (*E*~red~ ≈ −3.2 V vs SCE) with a sufficient lifetime (∼13.5 ns). This catalytic intermediate enables the reduction of electron-rich aromatic species such as 1-chloro-4-ethoxybenzene (*E*~red~ = −2.0 V^[@ref94]^ vs SCE) in good yields. Despite displaying a reducing power as potent as dissolving metals (e.g., Li and Na), DCA^•--^\* is generated catalytically in small concentrations and thus exhibits much improved chemoselectivity. Concurrently, Wickens independently discovered an imide (NpMI) catalyzed reductive EPC method that expands the scope of aryl chloride reductions.^[@ref106]^ Wicken's work demonstrates that phosphorylation and heteroarylation can also occur selectively at the halide position. Oxidative TAC and reductive DCA/NpMI catalysis opens a new branch of EPC and demonstrates the plausibility of achieving extreme redox potentials under mild conditions by combining both external stimuli for catalyst activation.

4.4. Summary {#sec4.4}
------------

The strategic merger of photochemistry and electrochemistry will have broader applications in organic synthesis, especially for reactions that require activation at strongly oxidizing and reducing potentials under mild conditions free of potent stoichiometric chemical agents. Recent developments of new electrophotochemical strategies will bring EPC to more standard and routine aspects of chemical synthesis ([Figure [30](#fig30){ref-type="fig"}](#fig30){ref-type="fig"}). The unique complexities of these systems will present researchers with new opportunities as well as new challenges. Among these challenges are the identification of new catalysts, in-depth understanding of mechanisms of EPC activation, and design of practical reactor systems. Future developments in these directions will continue to push forward this nascent research area.

![Examples of EPC catalysts that demonstrate the range of redox activity currently attainable. Potentials are reported versus SCE.](oc0c00549_0030){#fig30}

5. Outlook {#sec5}
==========

In the past decade, electrochemistry and photochemistry have developed into standard tools of the chemical trade. The arsenal of chemical transformations enabled by these unconventional modes of activation has engendered new synthetic strategies and facilitated the preparation of complex organic targets. In their recent report, Stephenson devised an electrochemical strategy for the generation of persistent radical intermediates, which dimerizes to form the core structure of resveratrol natural products ([Figure [31](#fig31){ref-type="fig"}](#fig31){ref-type="fig"}A).^[@ref116]^ Knowles developed a general approach for the synthesis of enantioenriched pyrroloindolines by means of PCET-induced cyclization, generating versatile common intermediate **31**-**7** that can be further derivatized into an array of cyclotryptamine alkaloid natural products and their analogs ([Figure [31](#fig31){ref-type="fig"}](#fig31){ref-type="fig"}B).^[@ref117]^

![Applications of electrochemistry (A) and photochemistry (B) in synthesis.](oc0c00549_0031){#fig31}

In addition, both electro- and photochemical strategies have been used to provide external stimuli for enabling and regulating polymer synthesis ([Figure [32](#fig32){ref-type="fig"}](#fig32){ref-type="fig"}).^[@ref118]^ These successes in achieving temporal and spatial control over polymerization have broad implications in the future development of sequence-regulated materials and patterning/3D-printing technologies.^[@ref119]^

![An example of electrochemically controlled living cationic polymerization. Graphs in panel B are reproduced from ref ([@cit118d]). Copyright 2018 American Chemical Society.](oc0c00549_0032){#fig32}

The impact of electro- and photochemistry has reach beyond chemical synthesis. Recently, chemical reactions enabled by electro- and photochemistry have seen creative applications in biological systems for studying diseases and discovering new medicinal agents. Biochemical systems and molecules are highly sensitive to changes in pH and the presence of redox and other chemical reagents. The mild conditions and often high selectivity of electrochemical and visible-light photochemical transformations render them compatible with many biological processes. For example, an impressive application comes from Baran and Dawson, wherein they demonstrated Ni-catalyzed electrochemical amination of DNA in organic solvents using a reversible adsorption to solid support approach (RASS).^[@ref120]^ This work enhanced the scope of chemistries available to DNA encoded library (DEL) research. The MacMillan group developed a highly selective cellular microenvironment protein mapping protocol that employs photocatalytic carbene generation via Dexter energy transfer from an iridium photocatalyst to diazirines.^[@ref121]^ Using a photocatalyst-antibody conjugate, the generation of a highly reactive carbene intermediate and its subsequent reaction with biomolecules was spatially confined, thereby allowing for labeling of antibody-bound proteins in a highly selective fashion. Recent advances in this arena showed that electrochemistry and photochemistry will continue to find broader applications in chemical biology and medicine.

The interplay between electrosynthesis/photocatalysis and energy-based applications allows advances in one field to spur developments in the other. In this essay, we detailed how developments in battery research and energy conversion have driven innovations in organic synthesis. In recent years, discoveries made in electro- and photochemical organic synthesis have in turn informed advances in the energy sector. For example, TAC that was demonstrated to be a suitable catalyst for electrophotocatalysis has recently been employed as a reversible overcharge protectant in sodium ion batteries as the perchlorate salt.^[@ref122]^ Interactions between these adjacent fields are expected to continue to furnish new ideas and strategies in electrochemistry and photochemistry, and this interplay represents one key way in which the field may grow in the coming years.

We expect electrochemistry and photochemistry to gain deeper penetration into the chemical and pharmaceutical industry. Toward this end, scalability issues need to be overcome. As discussed in this Outlook, one of the most effective remedies for the currently limited scalability of electro- and photochemical reactions lies in the development and broader implementation of continuous-flow technology.^[@ref123]^ Future research in this direction will be driven by both engineering and rigorous mechanistic understanding of factors that influence reactivity and selectivity in electro- and photochemical reactions. By reviewing some of the most exciting recent developments in the areas of electrochemistry and photochemistry, we hope to highlight the numerous opportunities that lie ahead for us to pursue.
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Electrochemical condition: (+) sign

:   denotes the anode

Electrochemical condition: (−) sign

:   denotes the cathode

"\|"

:   denotes an undivided cell setup

"\|\|"

:   denotes a divided cell setup. For example, "C(+) \| Pt (−)" indicates the electrolysis uses an C anode and a Pt cathode in an undivided cell. Current (*i*), electrode potential (*E*~c~ or *E*~a~), cell voltage (*U*) values are given when the electrolysis is conducted under constant current, constant potential, and constant cell voltage conditions, respectively. The potential values are listed with respect to a reference electrode such as ferrocene/ferrocenium (Fc/Fc^+^) and saturated calomel electrode (SCE). The conversion between Fc/Fc^+^ and SCE is *E*~1/2~(Fc/Fc^+^) = 0.40 V vs SCE.
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SET

:   single-electron transfer

PCET

:   proton-coupled electron transfer

EnT

:   energy transfer

HAT

:   hydrogen atom transfer
